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Section I: Overview

A. Objective

Surface acoustic wave transducers and reflectors are frequently modelled
using a transmission line equivalent circuit. Thin erlectrodes and shallow
grooves located in the surface acoustic wave propagation path produce
reflections and shift the propagation velocity of the wave. The effect of the
electrodes and grooves are modelled as an offset in characteristic impedance
(DELTERZ) and a shift in the propagation velocity (DELTERV) f1]. In this
program a theoretical analysis was developed to calculate this impedance
offéet and velocity shift from the material constants and the geometrical
dimensions considering both the mechanical and the electrical loading of the
surface. The detailed theory has been published in a series of papers during
the course of the development [2-9]. This report is written to tie these
studies together and to provide a compact summary of the results that will be
useful to the device designer. The detailed derivations are contained in the
references and are left out of this report in order to make it a better design

tool.
B. Approach

The total charge induced by an acoustic wave in an electrode loaded with
a finite impedance can be broken into two parts. An incident SAW induces a
voltage across the electrodes 1if they are connected through a2 finite
impedance. The charge resulting from this voltage 1is calculated using
transducer theory [10]. However, a shorted electrode excited by an acoustic
wave also has charge induced upon it though there is no voltage. Transducer

theory does not account for this component of the charge. 1In aiddition, the




mass and elasticity of the electrode strustures react against the displacement
of the wave and produce a set of stresses near the surface. These charges and
stresses work together 1s an effective surface wave generating transducer
which produces both forward and reverse traveling waves. The forward
traveling waves add vectorially with the incident wave to change its phase;
ﬁ this is interpreted as an effective velocity shift. The reverse wave appears
as a reflection and is therefore modelled by the transmission line equivalent
circuit as an impedance mismatch element. Tn this paper we provide these
parameters for a SAW propagating under a series of shorted electrodes. The
additional charge due to a finite impedance load is already accounted for by

transducer theory.

The forward and reverse waves generated by the stress patterns of the
mechanical loading and the charge distributions of the electrical loading are
calculated separately and added to provide the overall effect. The fact that

the elastic and electrical scattering may be calculated separately should not

be surprising when one remembers that both effects are small. A numerical
analysis which considered all effects simultaneously was generated during the
first year of the this program. This analysis verifiel that one gets the same r
results if the elastic and electrical locations are ronsidered separately as
long as the perturbations are less than a few percent per wave length. This
is an important realization because congidering these effects separately

simplifies the analysis and makes results more uaeful to the device designer.

Both the elastic and the piezoelectric 1loading are made up of two

components, each of which can be calculated separately.

(1) The first order mechanical scattering (FOMS) is the result of the ’

electrode mass and elasticity working against a rigid substrate. ;




(2) The second order mechanical scattering (SOMS) is a result of substrate
distortion produced by the electrode. This scattering is commonly called

the "stored energy effect” in the literature.

(3) The shorted array piezoelectric scattering (PS) is the result of charge
being induced on a series of grounded electrodes when an incident SAW is

present.

(4) The regenerated wave piezoelectric scattering (RWS) is the result of

voltages being induced on an IDT connected to a finite electric load.

Bach of these scattering mechanisms give rise to reflections and velocity
shifts. This report provides a DELTERZ to account for reflections and a
DELTERV to account for velocity shift. A DELTSR7 and a DRELTERV are provided
for POMS, SOMS, and PS. The transmission line model accounts for the RWS and

no DELTERZ and DELTERV are required for that type of scattering.

If a typical electrode thickness of about .01 X is used, the P3 is the
dominant effect for the strong coupling coefficient materials such as Y7
lithium niobate. With split Tineer aluminum ~lectrodes on ST Quartz, the PS

and FOMS are small when compared to the S0OMS,

This analysis is also good for grooves and buried electrodes. Grooves
are analyzed as a substrate loaded with dielectric electrodes (only FOMS and
SOMS are considered) gized and 1located to produce the topography of the
surface. Buried electrode transducers are analyzed as the metal electrodes
interleaved with dielectric electrodes. When the DELTERZ and DELTRERV for each
type of scattering and electrode are placed appropriately into the
transmission line model, the result is a composite model that gives accurate

results as long a3 each of the perturbations is small.




"

The velocity shift and impedance mismnteh arising from FOMS haqve been
derived in Reference 3 and1 the results are also written out in terms of
analytical expressions that give DELTERV and DELTHRZ in terms of material
constants and geomotical Aimensions. The SOMS is a more complicated analysis
described in References 4 and 5. The results are in the form of a matrix
equation involving the material pavameters and the geometrical Adimensions.
However, the matrix equation must be solved numerically and simple analytical
expressions are not practical. The PS has been described as closei form

analytical expressions which are published in Raference 2.

dadi.
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A. Equivalent transmission line parameters and gzgeneral introduction
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Figure 1: Surface Wave Propagation in a Periodic Array
(a) Actual Configuration

(b) F®quivalent Transmission Line

The objective of this section is to determine the equivalent transmission
line parameters required to model the propagation of Surface Acoustic Waves
(SAW) in an infinite periodic array of shorted metallic electrodes. 1In this

model, the wave velocity, v , in the gaps is equal to the surface wave

velocity along a free surface, while under the electrodes it has a different




value, v, +av {Fig. 1). The characteristic impedance, too, is different in
the gaps (20) and under the electrodes (ZO +4872). The purpose of this program
is to determine the frastional velncity shift V/VO and the impeiance mismatch
AZ/ZO starting from the material parameters (atiffness, piezoelectric ~onstant
and permittivity') of the substrate and the electrodes. These values (Av/vo
and AZ/ZO\ can then be used in a transmission line model for the analysis and

design of SAW transducers.

The effective coupling constant K° for surface waves is defined as twice
the fractional velocity shift due to an infinitely long conductive layer (with
n2vligible thickness and neszlizible massz) at the surface. In this iiealized
situation and if the surface wave were a usual one-dimensional plane wave in a

transmission line, we would expect:

A K2
w T T (1a)
(o]
2
Z
=T (1b)
[o}

However, the asurface wavo i3 not a2 plane wave; it is far more complicated
with acoustic (shenr and compressional) fields coupled tosether. 1In aidition,
physical electrodes have both thickness and mass. As a result, the actual

AV/VO and AZ/ZO are different from the simple results in Rquations {1). These

differences or "correction terms

are defined as DRLTERV and DELTER7:




== = - 5 - DELIERV (2a)
v

(o]

VA K

%— - - 5 - DELTERZ (2b)
[o]

DELTERV and DELTERZ are determined from a detailed field theoretical
analyses which are described in refererces r2—9]. In this report we will
summarize the results with examples of application to specific substrate and
electrode combinations. DELTERV and DELTERZ 1epend on the metallization ratio
M (Fig. 1) and also on the product of the wavenumbar k and the period p of the
array. The values are thus Aifferent for single-electrodes (kp =®) and for

double-electrodes (kp = 11 /2).

Aa mantioned in the introduction, the v/v0 and o A/70 can ba aacribed ba
three different scattering mechanisms: piezoelectric scattering (PS),
firat-order mechanical scattering (FOMS) and second-order mechanical

scattering (SOMS). The overall result may be written as a sum of the three:

e n Kan (Bes,
2—: = pz . K?Z--G-Fz <%> (3b)

where h/)\ is the thickness of the electrode in wavelengths. From Fquations

(3) we may calculate DELTRRV and DELTERZ using Wquations (2):

2 , 1.6
K my . (b
DELIERV = - 5 (1+B) - F, KQ s, <x>




2

- E- - b—
DELTERZ -3 (1+Pz) F, (A) (4b)

wnere the main purpose of this report is to provide means for determining Pv'
ve Sy, Pp, and F,. The first term represents the P3 component, the second
terms the FOM5 ncomponent and the third the SOMS component. Tt will be noted
that while the first two are given 4analytically, the 1ast one can only be

2qleculated from a2 numerical program. The SOMS component, however, only

affects DELTERV; it does not affect DELTERZ.

(" P, and P, are the same for all substrate-electrode combinations and
depend only on the metallization ratio. This is true even for buried and
bimetal electrodes. This is agiven in Equations (5) and plotted in

Figs. 2 and 3.

(2) Fv and Fz depend only on the substrate and electrode materials and are
independent of the metallization ratio. For a given substrate-electrode
combination these may be calculated from Equations (5)}. The values for
shromium and aluminum electrodes on five common substrate orientations
are listed in Table IIT. (Values for intermediate parameters are given
in Tables I and II.) Bimetal electrodes are treated in a straightforward
manner by 2dding up the DRLTERV and DRLTER7 obtained for each metal
separately as indicated in Equations 1t1. For buried electrodes there is
no changs in Av/v but A%/%, is reduced by Bg(d/A) where d/A is the
sroove depth in wavelengths and BS is a constant, characteristic of the

substrate material and orientation -- (see Equation 12 and Table V.) Thus




(3

B.

)

DELTERY is modified from Hq. (4b) tn

2 .
K h a
DELTERZ = =- = (1+P) - F, b) + B (A (4e)

DELTERV remains unmodified from %quation 4a.

Sv is difficult to express analytically and depends on metallization

ratio and the substrate and electrode materinls. Morecover, the variation
with (h/A)1‘6 is also approximate. In Fie., 4 the DRLTERV for electrodes
made of 10% chromium and 907 aluminum is plotted azainst the total
electrode thickness with a metallization ratio T = .5. This is done for

five Jifferent substrates and approximate empirical values of 3, are

calculated using curve fitting techniques.

Piezoelectric scattering

Ps (~cos Nm)

L =
% T L+ P_ (-cos Mm) Ga)
P 5(-cos M)
= - L A —
Pz 2sinMin cosTm + P_ 5(-c:os no) (3b)

where TN is the metallization ratio,

P

]

3 .25 for double electrodes and

3 = .5 for singie electrodes in Fq. (5a).

ig the Lesendre Cunction dafined by Ml
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n=0

where Pn is the Leagendre polynomial of order n. Since there are no
raflections from double ~lectrode transducers, AZ/ZO (Bq. “b) is provided only

for asingle electrodes.

Figs. 2a and 2b show P (for single and double electrodes) and Fig. 3

shows Pz as a function of metallization ratio. i
C. TFirst order mechanical scattering

F, o= 2m [lsllA1 +s5lay - syl +lszl+ls3I>A2] (6a)

- 2
F, n [:slA1 + S AL+ (51+52+S3)A2J (6b)

31, 35, Sz represent properties of a freely propagating surface wave:
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Here, W 1is the radian frequency, |
p is the mass-density of the substrate, ) i
vV, is the velocity of a freely propagatineg surface wave,

Ty, s, Wz are the complex particle displanements at the aurface for a
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surface wave carrying a power P per unit beamwidth. The phases of uy,

4, U should be with reference to the surface potential.

F It will be noted that 5, 5, S; as defined above are dimensionless numbers
independent of frequency. Their values are tabulated below for 5 common
substrate orientations. These can be computed from the data in the microwave

acoustics handbook, Vol. 1A [151.

TABLE 1

Substrate Parameters

Substrate p(kg/m3) vo(m/sec) K?/2 pvf(lolont/mz) S1 82 S3

ST Quattzl6 2651 3159 000275 2.65 -.001 -.12 .052

YZ LiNbo3 4700 3490 .0246 5.72 0 -.09% 044

37,95,}{LiNb0317 4700 3996  .030 7.50 -.0006 -.166 .135
8

MDC LiTa031 7450 3379 .0077 8.51 0 -.164 .124

100 cut

110 prop. 5307 2864  x,.00027 4,35 0 -.185 .103

GaAs ,

The other parameters in Equations (5) Ay Ay, Ag are also dimensionless and
represgant the material properties of the electrode materiil normalized to the

substrate:

A, = ainvo (8a)

A, = p'/p (8b)

Here !

1’ ' aé represant material properties of the elentrode (the prime is
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used to distinguish these from the substrate properties). p' is the

mass-density of the electrode while ai . as are effective stiffness

coefficients. If the electrode is isotropic (which is commonly true),

Qf = (%a)
A+
' =
*3 A+ 20 (4b)
where A and y are the Lamé@ constants. For anisotropic materials we have,
T
' —
' = 3 (10a)
s5
-
d3 3 (10b)
s!s! +38!g!
where si - 11 IJs' 1J Il

with SEJ representing the compliance tensor for the electrode material in the
abbreviated subscript notation. ai and aé are tabulated below for a few

common electrode materials:

At o anips et s s e s

e i T Y e PO
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TABLE I1

Metal Parameters

Electrode p'(kg/m3) af(lolont/mz) a;(lolont/mz)
Chrome 7200 10.0 28.24
Aluminum 2695 2.5 7.75
Gold 19300 2.85 9.83
Silver 10490 2.7 8.71
Titanium 4500 4.4 12.93

Using Tables I and TII, DELTERV 2nd DRLTERZ can be calculated from
Equations (4) for any electrode-substrate combination. Note that FV and FZ
are corstants for a particular substrate-electrode combination independent of
the metallization ratio. For convenience, these are tabulated below for the

five electrodes listed in Table IT on the five substrates listed in Table I.
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TABLE III
First Order Mechanical Scattering Constants Fv, Fz
Electrode: Chromium Aluminum Gold Silver Titanium
Substrate Fv FZ FV FZ Fv FZ FV FZ F FZ
ST Quartz +.55 +2.28 -.15 +,51 -6.64 -1,95 -3.22 -.65 -.24 +,85
YZ LiNbO3 +.02 +.87 -.13 +.19 -3.14 -.87 -1.63 -.34 -.22 +.31
37.95,){L1Nb03 +.3 +2.89 -.21 +.76 -6.69 -.29 -3.2 +.54 -.35 +1.27
MDC L:I.Tao3 +.83 +2.34 +,06 +.62 -3.79 +,25 -1,75 +.44 +.092 +1.033
100 cut
110 prop. +1.74 +3.5 +,23 +.89 -5.1 -.42 -2,23 +.28 +.389 +1.486
GaAs

D. Second order mechanical scattering

Unfortunately the results of this part of the problem could not be
reduced to analytic form and have to be obtained from a numerical program. We
have chosen a typical bimetal electrode with 10% chromium and 90% aluminum and
plotted DELTERV against h/A (h being the total electrode thickness) for five
different substrates, assuming a metallization ratio T = .5. 1In Figures 4

q

and 5 we have indicated values of S, that best fit the curve in accordance

with Equation (3a). A convenient summary is provided in Table IV.

It will be noted that this effect is a higher power in h/A so that for

sufficiently thin electrodes it may be neglected in comparison to the other

effects.
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TABLE IV
Second Order Mechanical Scattering Coefficient Sv

of 107% Cr 90% Al: S5 substrates

Sv Single Electrode SV Double Electrode
ST Quartz -2.64 -5.59
YZ LiNbO3 - W51 -1.08
37.95X LiNb03 -1.3 -2,87
MDC LiTaO4 -0.86 -1.81
100 cut, 110 prop.
GaAs -2.14 -4.34

Tt will be noted from Eq.{4a) that a negative Sv means a positive DELTERV
which corresponds to a slowing of the wave. The stored energy effect always

slows down the wave.

E. Additional discussion on bimetal electrodes

The FOMS and SOMS coefficients change as the composition of bimetal
electrodes are altered. The SOMS must be recomputed for each Dbimetal
compasition, but in many cases the electrodes are sufficiently thin so that
the SOMS component 1is negligible. The FOMS coefficients for bimetal
electrodes are determined by averaging the FV and Fz for the individual metals
and using total electrode thickness. For example, if arn electrode is made of

chromium of height hy and aluminum of height h, and the substrate is ST-cut

quarctz, then:
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- 1 2
v vi h1+h2 v2 h1+h2
h h
1 2
- .55 - .15 (11a)
R, A+
h h
- 1 2
F = F +F
z z1 b+ Fz2 ey
by By
Rn, b+,

where:

Fz, F; are the average FOMS constants
FZ1' Fyy are the FOMS constant for metal 1
FZZ' Fy, are the FOMS constant for metal 1
b, is the thickness of metal 1

h, i3 the thickness of metal 2

An  electrode made of 10%¢ Cr and 90% Al has an effective FV = -.08

(=55 x .1 - .15 x .9) and F_ = .69 (= 2.28 x .1 + .51 x .9).

P. Buried electrodes

The FOMS and SOMS are both affected when an electrode is buried. The
SOMS must be recomputed using the numerical program but it only affects the

velocity shift and does not alter the impedance mismatch. Since electrodes
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are buried to reduce reflections, the FOMS is the important parameter. The
FOMS for buried electrodes are calculated by viewing the gap regions as bheing
made up of electrodes of the same material as the substrate. The velocity, vo
in the gap regions remains the same as before; however, the impedance changes
somewhat. For example, a grooved array reflector can be viewed as an array
with electrodes male of the substrate material. In such an arrvay the
first-order SAW velocity is the same as on a free substrate implying zero

v/v. However, it produces reflections implying a non-zero Z%/Z. A buried
electrode array may be viewed as a normal electrode array interleaved with a
grooved array. The 7/7 i35 reduced by a quantity proportional to the iepth

of the grooves (thickness of the electrode maie of substrate material).

Az = LZ- - . ‘lg
Z° buried Zo non-buried BS \A) (12a)

electrode electrode

where d/M is the depth of the groove in wavelengths, and Bq is a constant

depending on the subastrate andi is given by equation (12b), which i3 similar to

Equation (6b).
By = 2 [SIAI + S3A3 + (s, sz+ss):l (12b)

The DELTRRZ for buried electrodes has been indicated earlier in Equation (4c).
S,, S5, Sy are defined as in Fquations (7) and are listed for five diffevent

substrates in Table 1. A1 and Az are defined as in Fquation (3):
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2
Ay = aplpv, (13a)

2
A3 - d3'/PV° (13b)

However, &' and a; are given by Fquations (10) rather than FEquations (9)
1

because substrates are usually anisotropic in contrast to the electrodes. In

Equations (10), s now represents the compliance tensor for the substirate

material and not that for the electrode material.

Ay and Ay for the five substrates are listed in Table V.

TABLE V

Substrate Constants Pertinemt to the Non-Electrode Sections
of a Buried Electrode Case

Substrate Al A3

ST Quartz 2.51 3.28

YZ-LiNbO3 0 3.66

37.95, Xl.iNbO3 1.03 2.48

MDC LiTaO3 1.26 2,63 T

100 cut, 110 prop. 2.3 6.49

GaAs
1
Table VI shows Bs calculated from Equation 12 for the five substrates:




TABLE VI

B. for Different Substrates

S
Substrates
ST Quartz
YZ-LiNbO3
37.95, X LiNbO3
MDC L:L'l‘aO3

100 cut, 110 prop.
GaAs

1.1-9

-,03
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Jection I1I: Finite Array Analysis

A. Physical Interpretation of Neishboring BEleactroie Kffects

The scattering properties of one electroie in an array 1Jeovend on the
electrodes that precede and follow it. The infinite array analyses prasentej
in the previous section assume that all preceding ani following elactroles qre
in place ani iientical to the electrode in question. TIn this sactinn the
Acattarine proporticn of Lthoe olectrolna b Lthe ond Al the Tinite apeay ee
examined. The piezoelectric scattering, the first oriaer mechanical secattering
and the second order mechanical "stored enerzy" scatterine are 2ll affected
iifferently. 1In each case a correction factor which converts the infinite

array DELTERZ and DELTERV to the finite array is determined.

Both the single 1n1 and double electrode structures are analyzed at their
respective synchronous frequencies. In each case, one, two, three, four ani N

electrode 4arrays are consiiered. A finite array factor which relatess the

finite array DELTERV ani DELTERZ to the infinite array counterparts is

calculated for 2ach case.

The following three sections Adiscuss how the finite array factor is
calculated for each type of scattering andi the final section summarizes the

results and provides the equations and values requirei to calculate the

trangmission line parameters.
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1. Piezoelectric Scattering

The varintion of the electric Lo aeountic coupling strength of tranaluecer
~lectrodes depeads on the existence and shape of neighboring electrodes.
5zabo et al. [10] and Smith »t al. [11]have determined the effective strength
of electrodes ir an oriinary withirawal weighted transdiucer. lentine ot
al. f81 extended this analysis to a withdrawal weighted transducer with
arbitrary voltages nn the electrodes. These 4anialyses are correct for
transducer coupling strensth but 4o not preiict the naearest neighbor

d2pendence in velocity shift or acoustis impedance mismaten.

The DELTSRZ and DELTERV of the end electrodes in a finite array are
determined by using the infinite array electrical loading analysis from the
pravious section in conjunction with Lentine”s withdrawal weighted transiucer
analysis.  The analysis is described in 1 thesis by Lentine T121 and in the

Appendix and implements the following approach:

* The charge is calculated for each electrode in an infinite array.

* A fictitious transducer is designed so that the taps which represent

the existing elactrodes in the f(inite array have zero voltage and the
taps which represent the missing electrodes beyond the end of the
finite array have a charge distribution equal to and opposite that of
an infinite array olectrode. This tranaducer is synthesized using the

withdrawal weightel transducer theory of Lentine (7].

The transducer asolution is added to that of the infinite array and the
result is 4 solution that satisfies the boundary conditions for a
finite array, namely, z°ro volts on the existing electrodes and zaro

charge on the surface where electrodes have been removed to form a
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firite array.

The charge of each electrode in the finite array is then known and
DELTERV and DELTER?Z are calculated using the same technique as used in

the infinite array case.

2. PFirst Order Mechanical Scattering of Finite Arrays

The velocity shift and impedance mismatch caused by first order elastic
loaiing has ro nearest neighbor dependence because the substrate is assumed
rigid with substrate distortion accounted for in the stored energy analysis.
Since the substrate is rigid, there is no elastic coupling from one electrode
to another and the infinite array first order elastic loading analysis is

valid for finite arrays as well.

3. Second Order Mechanical Scattering in Finite Arrays

The velocity shift and acoustic impedance mismatch arising from stored
energy effects is somewhat dependent on neighboring electrodes. When a wave
passes under an electrode, the metal exerts 2 mechanical force on the surface.
This force generates forward and reverse waves which are accounted for in the
first order analysis and it produces evanescent distortions which do not
propagate away. The 1internal forces arising from the localized substrate
distortions work against the particle velocity of the incident wave to
generate forward and reverse traveling waves over and ibove those accounted
for in the first order analysis. The reverse waves, known as reflections, are
accounted for by DRELTERZ and the forward waves, known as velocity shifts, are
accounted for by DELTERV. These parameters are therefore directly related to
the subatrate distortion under the electrode in question. The localized

distortion produced by an electrode extends some distance in each direction.
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When the distortions of one electrode overlaps with another, nearest neighbor
effects arise. One would therefore expect that DELTERV and DELTERZ for the
end electrode of 2 finite array would differ somewhat from that of one irn an

infinite array.

The infinite array stored energy program has been modified to calzulate
the difference in DELTERV and DELTERZ produced by removing the first nearest
neighbor. Fortunately the nearest neighbor stored energy effects are small.
The Appendix shows by example thst the stored energy effect is only slightly
perturbed (T % - 10%) by the absence of adjacent electrodes. This is in
contrast to piezoelectric scattering which 1is strongly affected by the
neighboring electrode configuration. There is also experimental evidence that
the stored energy velocity shifts are independent of nearest neighbors. The
infinite array value of DELTERV for chrome-Al electrodes on ST quartz when
used in a second order effects transducer analysis program F161 provides 1a
response very similar to that measured experimentally at ®.DC for withdrawal
weighted transducers. The withdrawal weighted transducer presents a very
stringent test of nearest neighbor dependence and this indicates that the
infinite array values of SOMS are sufficiently accurate for use in firite
array analysis. By contrast, on strongly piezoelectric substrates like
LiNb03, when the infinite array values of DELTERV were used in the analysis
program for a withdrawal weighted transducer, the response 4id not agree with

the RADC experimental reaponar., Thia i3 expected since the piezoelectric

scattering is significantly neighbor dependent.
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B. Finite Array Parameters NDefined in Terms of Infinite Array Results

The finite array factors relate each component of the finite array
transmission line parameter to its infinite array counterpart. The finite
areay factor aee enleatqaled anineg Lhe analyaen deaeribed in Lhe tant deelion
and are tabulatel in Table VII. The finite array transmission line parameters
are calculated using values in Table VII, the 1infinite array parameters and

equations 14.

2 1.6
= - ( . A E_ h h ‘
Y4k ey W TR RNty (14a)
Dz, = - (1 + K2 h
1jk “Zijk Pz) 2 Fz()?') (14b)

DVijk is the DELTERV of the jth electrode counted from the nearest end of
a "k" alectrode finite array

DZ...  is the DELTERZ of the jth electrode nounted from the nearest end of
a "k" electrode finite array

i is "S" for single electrode and "D" for double electrodes

vi'k is the finite array factor that relates the infinite array
J scattering to the finite array DELTERV component specified by "i",
“j", and “k"
o
Zi'k is the finite array factor that relates the infinite array
J¥ gcattering to the finite array DRELTER7 component specified by "i",
"j" y and "k“

Most of the finite array factors are close to "one”, the only exception

being “Z . A finite array factor equal to "one"” arises when the infinite
S
array parameter is equal to the finite array value. The finite array factors

of this table in conjunction with Equations 14 and infinite array parameters

allow the calculation of the transmission line parameters for any length of

finite array.
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TABLE VII

Finite Array Factors for Piezoelectric Scattering

(a) « for single electrodes

Vs ik
k 1 2 3 4 5
i:
1 .73 .88 .86 .86 .86
2 X .88 1.05 1,02 1.02
3 X X .86 1.02 1.02
(b) o, for single electrodes
Sik
k 1 2 3 4 5
j:
1 .16 .63 «56 .57 .57
2 X .63 1.13 1.05 1.05
3 X X .56 1.05 1.05
(¢) « for double electrodes
V..
Djk
k 1 2 3 4 5
.91 .9 .95 .95 .95
2 X .9 1.02 1,02 1,02
3 X X .95 1,02 1.02

k is the number of electrodes in the finite array

} 1is the electrode number counted from the nearest end
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Section IV: Low Perturbation Bimetal Electrodes

A. Cancellation of Piezoelectric Scattering by Mechanical Scattering

Electrodes placed on the surface for the purpose of generating and
detecting surface acoustic waves will inevitably produce a piezoelectrically
induced velocity shift and impedance mismatch. Tt is the purpose of this
section to suggest a bimetal electrode in which the mechanically induced
velocity shift or impedance mismatch precisely cancels the piezoelectric
perturbations. The results have not been experimentally verified. It is
shown that either velocity shift or impedance mismatch can be eliminated but
not both. It is not possible to find an electrode that eliminates both

simul taneously.

Consider first the shift in velocity producel by the electrode as
described in Section II. The PS and the SOMS always slow the wave, while the
FOMS may either speed or slow the wave depending on the electrode and
substrate materials. The =zero velocity shift and zero impedance mismatch

condition derived from equations 4 - 11 are:

FOMS P saMs
2 1.6

- h - K Ll. .

Fy & B R A (15a)
2

= h o -K

F2 % T 5 (15b)

b N DO



4o

Solving for Fv and Fg:

2 P

= - K ¥ .6

Fy = TR Sv(h/k) (16a)
2 p

- - K Z

F2 " TWa (16b)

The PS and SOMS both slow the wave and produce a negative impedance
mismatch. The best way to suppress the SOMS effects is to wuse thin
electrodes. The perturbation cancelling approach will not work well with
thick electrodes where SOMS is significant. In thick electrodes, a large FOMS
is used to cancel a similarly large PS and SOMS component. BEven if the
fabrication process could be controlled precisely to make the subtraction of
two large numbers produce a zero velocity shift, the impedance mismatch would

be large. If the thick electrodes are designed %o null the impedance

mismatch, the velocity shift will be large.

The thin electrode conditions for zero velocity shift and impedance

mismatch are:

|,.

1.6
2 p 2 P "
Fo. Xy iy &l
Fy = i Lo ]2 gi (17a)
= . -KEh
z 2 h/A (17b)

This is a rather severe requirement for weak coupling materials such as ST

Quartz where h/A < .004. Tt is 1less stringent for atronger coupling

coefficient matarials such as LiNbOz.
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Simultaneous cancellation of velocity shift and impedance mismatch

requires that

Pz = Py/Py)Fy

This condition cannot be met because FZ is always larger than Fy {see Eq. 6)
3“dlpv|is always greater than‘PZ|(see Figs. 4,5). Therefore, the rest of this
section is dedicated to finding a bimetal electrode in which the impedance
mismatch is nulled for single electrodes where reflections are a serious
problem and velocity shift is nulled for double electrodes where electrode

symmetry suppresses the reflections.
B. Low Impedance Mismatch for Single Electrodes

The impedance mismatch of a bimetal single electrode in an infinite array

is cancelled if the average Fz is positive and has the value:

2

- &1

B BT EN (138)
2

- .375 K

F, = O (19¢)

The Fz required for impedance mismatch cancellation are tabulated for five

substrates and three typical electrode thicknesses in Table VIIT.

- Bt A s mm s __,d‘
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TABLE VIII
FZ required for zero SE impedance mismatch
Electrode Thickness
h/A = ,001 h/A = ,01 h/A = ,025
ST Quartz 2 X X
YZ LiNbO3 18.5 1.85 0.75
37.95X LiNb03 22,5 2.25 0.90
MDC LiTa03 5.8 0.58 0.23
100 cut 110 prop.
GaAs o2 X X

Since values of F, range from -2 to +3.5 (see Table III) for different
materials, impedance mismatch can be cancelled on at least some of the
substrates. The "X7s" in the table are values of h/ where the thin electrode

approximation is not valid.

The desired average value of Ez is obtained by choosing correct metal
combinations (Eq. 11 and Table TIII). If the metal films have properties
similar to bulk metals, the combinations shown in Table IX should produce a
reflection-free single electrode structure. Blectrode conductivity and
fabrication considerations were not considered in the bimetal electrode
design. , Nevertheless, several practical combinations are projected and are
boxed in Table IX. For example, a 1000 angstrom transducer made with 3% Cr,
92% Al on MDC LiTa0; at 845 MHz would, if all assumptions are reasonable,

yield a zero impedance mismatch.

g
1
0




43

TABIE IX

Layer thickness percentages of
predicted reflection free bimetal single electrodes

Total Electrode Thickness

h/» = ,001 h/A = 01 h/A = ,025

51%Cr 49%Au

ST Quartz or 29%Cr 717Ag

YZ LiNbO3 - - 927%Cr 87%Al

) 73%Cr 27%A1 -
37.95,X LiNbO, or E0nCe 40Uy  LTRCE 93%AL

[ 167.cr 8amau ]
MDC L1T503 or 7%Cr 93%Ag

100 cut 110 prop, T -
GaAs 16%Cr 84%Aul X X

X indicates that the thin electrode condition is not met

8%Cx 927Al

- indicates that no metals have been found to meet the
conditions

L kL NPT, 4 St e e IR [ S WTE R 8 S s A A ANR AL TI  C L ta
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C. Low Velocity Shift in Double Electrodes

The velocity shift produced by a bimetal double electrode is zero if

F - -p .}'Si-_l-.
v v 2 h/\ (20a)

o P, = -l.71 at M =.,5 (Fig, 2b) (20b)

- ' v h/A (20c)

The FV required for nulling the velocity shift are tabulated for five

substrates and three electrode thicknesses in Table X.

TABLE X
1 EV required for zero DE velocity shift
Electrode Thickness
h/A = ,001 h/A = .01 h/A = ,025
ST Quartz 47 X X
YZ LiNbO3 39 3.9 1.56
37.95X LiNbO3 51 5.1 2.0
MDC I.i.'ra03 6.5 .65 X
100 cut 110 prop. 47 X X

GaAs

X indicates thin electrode condition is not met

Since the values of F, range from -6.64 to +1.74 for the metals considered,

velocity shift of 4ouble electrodes on certain materials can be cancelled.

The “X“s” in the table are values of h/A where the thin electrode
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approximation is not valid.

The desired nverage valuo of ;IV is obtalned by choosning dAifferent metal
combinationa (Eq. 11 and Table ITI). Assuming that the metal films have
properties similar to bulk metals, the combinations shown in Table XI should
produce a double electrode with zero velocity shift. Unfortunately, no
obviously practical combinations were found. Bimetal electrodes with various
combinations of Cr, Ag, Au, Ti, and Al were considered in the search for
perturbation free electrodes. It may be possible that combinations of other

metals may result in reduced perturbations. It is also possible that a metal

used in conjunction with a dielectric may alsoc reduce reflection and velocity

shifts.
TABLE XI
Layer thickness percentages of
predicted zero velocity shift bimetal single electrodes
Total Electrode Thickness

h/x = ,001 h/A = 0L h/\ = .025
ST Quartz 897%Cr 117Al X X
YZ LiNbO3 - - -
37.95X LiNb03 - - -
MDC LiTaO3 - 77%Cr 23%Al X
o cue 110 prop. 81%Cr 19%Au X X

X indicates that the thin electrode condition is not met

indicates that no metals have been found to meet the
conditions
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Section V: OSummary and Conclusions

This report provides a gummary of the results of a theoretical analysis
of the reflection and velocity shift of surface waves propagating in an array
of electrodes. The results are given in terms of DELTERV an4 DRELTERZ that can
be used in the standard transmissioun line model used for transiucer analysis.
The impedance mismatch DELTER7 1is described in terms of two constants PZ ani
FZ while the velocity shift DELTERV is given in terms of three constants PV,
FV' Sy. Analytical expresasions are provided in this report for caleculating
PZ, Fz, Py and Fy from material parameters. Sy, describing energy storage
effects, cannot be written in analytical form and 1is calculated from a

numerical program.

The ~ffect of neighboring environment on these constants has also been
investigated. Tt is founi that ¥, F, are neighbor-indiependent ani Sy is only
slightly neighbor-dependent. The correction factors for P7 anAd pv in various

neighbor configurations are provided.

The possibility of bimetal electrodes that minimize reflections or
veloeity shift has al30 been investigated and several practical combinations

are provided.
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APPENDIX: Finite Array Effects on Second Crder Mechanical Scattering

-_P_
le— p f/’fc)- Yz

<2 |
2ee 1 [ [ [ [ heeo
D B A C E?

KP-1943

Fig. A1: An infinite array of electrodes

Consider first an infinite array. DV for electrode 4 is readily calculated

from the infinite array analysis if four parameters are specified: 1, P,

h and f/fo (= .5 for double electrodes and 1 for single electrodes). To

evaluate the effect of removing electrodes B and C on the DV for
electrode A, we may use the infinite array analysis with the modification
that p equals the spacing from A to B rather than the spacing from A to
C. This means doubling p. Since the wavelength remains the same, we

also need to double f/fo; other parameters {(a, h) remain the same.

Similarly, to evaluate the effect of removing electrodes D and E in addition

to B and C, we treble p and f/fo keeping other parameters constant. In
this way the effects of removing progressively distant neighbors is
evaluated. The results are summarized in Table At for aluminum

electrodes on ST-quartz.
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Table A1

Effect of removing progressively distant neighbors on Sv

for aluminum electrodes on ST-quartz (hA = .00125)

Infinite Array 1.22
First N.N. removed 1.3
First and Second N.N. removed 1.28

It is seen that there is less than 10% change due to the removal of nearest
neighbors. Since the accuracy of the program is estimated to be 10% this
change may be neglected. Similar tests were run  on several other
substrate-electrode combinations with different h/A

, and the finite array

effects were always found to be less than 12%, and usually between 4 and 89,
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